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Ozone is one of the most important toxic
components of photochemical smog, and
exposures of humans to ozone have been
demonstrated to induce airway inflamma-
tion and affect airway reactivity (1,2).
Because ozone is extremely reactive, it has
been considered highly unlikely that cells
other than those within the airways or air-
way epithelial cells would be directly
exposed to ozone, and secondary interme-
diates, such as hydrogen peroxide or alde-
hydes, may be important mediators of the
biotoxic effects ofozone.
Recent experiments in our laboratory
have demonstrated that airway epithelial
cells exhibit a transient increase in perme-
ability (3) after low levels of ozone expo-
sure. The mechanisms of injury and recov-
ery of the epithelial cell barrier are of par-
ticular interest because epithelial cells may
be important modulators ofaccess for anti-
gen and other airborne agents that could
potentially react with mucosal and submu-
cosal cells. Identification of intermediate
reactive species ofozone and possible scav-
engers of those intermediates could have
implications for preventing or attenuating
the effects ofozone on airway reactivity.
In this study, we investigated the possi-
bility that the toxic effects of ozone on
bronchial epithelial cell cultures are a result
of a hydrogen peroxide intermediate. We
compared ozone to hydrogen peroxide
with regard to ability to induce DNA sin-
gle-strand breaks and investigated the
potential ofthe iron chelator deferoxamine
to abolish or attenuate the toxic effects of
the agents in vitro.
Methods
Cell culture and viability assays. BEAS2B
cells (4) were obtained from Curtis Harris
at the National Cancer Institute and main-
tained in KGM medium (Clonetics Corp.,
San Diego, California). These cells were
derived by transfection of an adeno-SV40
hybrid virus into primary bronchial epithe-
lial cells and have retained the ability to
differentiate to either a secretory or squa-
mous phenotype. Monolayer cultures of
BEAS2B grown on plastic culture plates
were exposed to H202 (Costar, Cam-
bridge, Massachusetts). For exposure to
ozone, cells were grown to monolayer con-
fluence on 0.4-pm pore size Transwell
polycarbonate filters (Costar), and medium
above filters was removed 2 days before
exposure. This resulted in a layer ofcells at
a gas-fluid interface with only a thin film
of fluid above the cells. Before exposures
we removed medium, rinsed cultures three
times, and exposed cells in Hanks'
Balanced Salt Solution (HBSS). For exper-
iments investigating the effect of iron
chelation on toxicity, cultures were incu-
bated with deferoxamine (CIBA) at a con-
centration of2.5 mM in HBSS for 30 min
before exposure. We then removed the
deferoxamine-containing buffer and again
rinsed cultures three times with HBSS
immediately before exposure. After expo-
sures were completed, we removed buffer
and replaced it with KGM medium above
and below filters.
We determined release oflactate dehy-
drogenase (LDH) by cultures by measur-
ing an increase in absorbance at 340 nm
after addition ofNAD. In previous experi-
ments (data not shown), we determined
that significant release ofLDH by oxidant-
injured cells occurred during the 2 hr after
exposure as well as during the exposure;
therefore, in these experiments we totaled
the amounts of LDH in the exposure
buffer and in the media 2 hr after the ter-
mination of exposure to ozone or hydro-
gen peroxide and expressed this number as
a percentage of total release by cultures
exposed to 1% Triton-X 100. Colony-
forming efficiency was determined by sub-
culturing cells 2-4 hr after exposure at a
density of 2000 cells per duplicate culture
plate and allowing growth for 8-10 days.
Numbers ofcolonies (defined by an aggre-
gate of at least 20 cells) were counted and
standardized to numbers of colonies
formed by unexposed cells. For these
experiments, exposures to ozone or hydro-
gen peroxide were conducted in triplicate,
and the same cultures were used for both
determination ofLDH release and colony-
forming efficiency.
Ozone exposure system. Confluent
BEAS2B cultures on polycarbonate filters
were exposed for 2 hr or 4 hr at 37°C in
matched 6-1 plexiglass chambers to 5%
C02/95% air (control) or 5% C02/95%
air containing specific concentrations of
ozone. The flow rate in each chamber was
maintained at 1 1/min, and ozone was gen-
erated by passing the in-flow to one cham-
ber past a UV mercury vapor lamp. The
ozone concentration in that chamber was
continuously monitored with a Mast 724
meter and was regulated by variations in
the UV lamp intensity. The in-flow to
each chamber was bubbled through water
to achieve 97% relative humidity. We
allowed the ozone chamber to equilibrate
for at least 1 hr at the selected ozone con-
centration before adding the cells. We
began timing the exposure period when
the chamber concentration was reestab-
lished after adding the plates containing
cells (generally 30 min).
Measurement ofDNA damage. To
measure DNA single-strand breaks, we
prelabeled cells with 3H-thymidine, 10
pCi/mM, for 24-48 hr before exposure to
agents. At the termination of exposure,
cells were rinsed, scraped off the dishes in
chilled HBSS, and placed onto filters for
the alkaline elution procedure of Kohn et
al. (5). In this method, an alkaline buffer
denatures DNA to the single-stranded
form, and DNA is eluted at a rate of 2
ml/hr through a nonbinding polycarbon-
ate filter. Single-strand breaks are quanti-
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Figure 1. Lactate dehydrogenase (LDH) release by BEAS2B cultures exposed to (A) H202 for 1 hr or (B)
ozone for 2 hr (gray bars) or 4 hr (blue bars). The LDH measured at completions of exposures and 2 hr
after termination of exposures were totaled. Values represent means of two experiments, each with trip-
licate exposures, and error bars represent SEMs. Release by cultures exposed to 100 pM H202 is signifi-
cant (p < 0.01) and for 0.5 ppm ozone for 2 hr or 0.2 ppm ozone for 4 hr (p < 0.05).
fied by scintillation detection of radiola-
beled DNA in fractions that are collected
at 3-hr intervals.
Results
Measurements of LDH were made at the
end of exposures and 2 hr after termina-
tion of exposures. Total release was deter-
mined by exposing control cultures to 1%
Triton-X 100 for 20 min and measuring
LDH activity in supernatant. In cultures
exposed to H202, significant release of
LDH was observed at concentrations as
low as 100 pM. Exposures to ozone also
generated release of LDH which appeared
to be time and dose dependent; significant
release was seen at 0.5 ppm ozone for 2 hr
or 0.2 ppm ozone for 4 hr (Fig. 1).
Hydrogen peroxide is well known to
cause DNA single-strand breaks either as
direct strand breaks or as base damage
(such as formation of thymine glycols)
which become alkali-labile sites. In our cell
cultures, a concentration-dependent rela-
tionship between H202 exposure and
induction ofDNA single-strand breaks was
observed (Fig. 2). The level ofDNA strand
breaks seen after 100 pM exposure for 1 hr
was approximately equivalent to 300 rad y-
irradiation damage. No significant DNA
single-strand breaks were detected at con-
centrations ofH202< 20 mM or at any of
the ozone exposures examined (DNA
retained on filter was not significantly dif-
ferent from control).
In experiments on replicative ability,
cultures were exposed to hydrogen peroxide
for 1 hr or to ozone for 2 hr and 4 hr, and
replanted cells were allowed to replicate for
a sufficient period of time to produce
colonies. The exposures were performed at
4 2
a cell density of 1-5 x 10 cells/cm A
concentration-dependent loss of colony-
forming efficiency was observed after H202
exposure, with a 50% loss observed at
approximately 10 jiM H202 (Fig. 3A). A
50% loss in colony-forming efficiency was
observed after exposure to 0.5 ppm ozone
for 2 hr or 0.2 ppm ozone for 4 hr (Fig.
3B). For both exposures, some survival was
observed at relatively high concentrations.
Thus, loss of replicative ability was
observed at lower levels of exposure to both
agents than was release ofLDH.
Preincubation ofcultures with deferox-
amine before H202 exposure has been pre-
viously described to have protective effects
as a result ofiron chelation (6). These pro-
tective effects were also observed in our cell
cultures preincubated with 2.5 mM defer-
oxamine for 30 min before H202 expo-
sure. Marked decreases in the levels of
DNA single-strand breaks, decreases in
release ofLDH, and increases in replicative
ability were all observed in H202-exposed
cultures preincubated with deferoxamine
when compared to those not preincubated
with deferoxamine (Fig. 4). In contrast,
preincubation with deferoxamine did not
appear to have significant protective effects
on the cell cultures exposed to ozone (i.e.,
preincubation with deferoxamine did not
affect LDH release nor ability of cells to
replicate after exposure to ozone).
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Figure 2. DNA single-strand breaks induced by
exposure of cell cultures to 0, 20, 50, or 100 pM
H202 for 1 hr. The fraction of DNA retained on the
filter was determined by counting radioactivity
eluted at 3-hr intervals. Less than 5% variablity
was seen in duplicate measurements. No single-
strand breaks were detected in ozone-exposed
cultures (i.e., fraction of DNA retained was within
5% of control).
Discussion
Although ozone has been identified as an
important toxic agent to the respiratory
and immune systems, the mechanisms of
its cellular toxicity remain poorly defined.
Because ozone is extremely reactive and
unstable, it has been postulated that the
mechanism of ozone toxicity is related to
generation of secondary toxic products,
particularly hydrogen peroxide and aldehy-
des (7).
Several recent experiments support the
role ofsuch secondary products in mediat-
ing the toxicity of ozone. For example,
dioleoyl phosphatidylcholine liposomes
were ozonated and found to generate 1
mol-equiv H202 and 2 mol-equiv aldehy-
des, based on moles of ozone consumed
(8). The ozonated liposome mixture
induced red blood cell hemolysis, which
was partially protected by antioxidants
such as ascorbate, catalase, and glu-
tathione. These experiments suggested that
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Figure 3. Colony-forming efficiency (CFE) by BEAS2B cells exposed to (A) H202 for hr or (B) ozone for 2
hr or 4 hr. The same cultures exposed for experiments illustrated in Figure 1 were subcultured at clonal
density to determine colony-forming efficiency. Decrease of CFE is significant for cultures exposed to 10
pM H202 (p < 0.01), for cultures exposed to 0.2 ppm ozone for 2 hr (p < 0.05), and for cultures exposed to
0.2 ppm ozone for 4 hr (p < 0.01).
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Figure 4. Effect of preincubation with deferoxam-
ine on toxic effects of H202 or 0.5 ppm ozone for 2
hr. Values are means + SEM. Control cultures for
colony-forming efficiency (CFE) and DNA
retained were not exposed to any agents; control
cultures for lactate dehydrogenase (LDH) release
were treated with 1% Trition-X 100 for 30 min.
Protective effects of deferoxamine for CFE and
LDH release in cultures exposed to H202 is signif-
icant(p <0.01).
both H202 and aldehydes were generated
as cytotoxic species from the ozonation of
unsaturated fatty acids. In other experi-
ments (9), ozone-exposed aqueous solu-
tions of the tobacco-smoke-derived ary-
lamine l-naphthylamine produced hydro-
peroxides and a DNA-damaging product
(to cultured lung cells) that was not elimi-
nated by treatment with catalase. These
authors concluded that neither H202 nor
superoxide anions were involved in break-
ing DNA (9). In other experiments,
arachidonic acid was exposed to ozone and
found to degrade to predominantly aldehy-
dic substances and H202 (10). Similar
aldehydic substances were produced by
human bronchial epithelial cells (BEAS2B)
exposed in vitro to ozone. In vitro, these
arachidonic acid products induced an
increase in human peripheral blood poly-
morphonuclear leukocyte polarization,
decreased human peripheral blood T-lym-
phocyte proliferation in response to mito-
gens, and decreased human peripheral
blood natural killer cell lysis ofK562 target
cells. The aldehydic substances, but not
H202, appeared to be the principal agents
responsible for these effects.
The role ofsecondary intermediates such
as H202 oraldehydes in the direct toxicity of
ozone on airway epithelial cells has not yet
been reported. The effects of ozone on
bronchial epithelial cells may be important
because epithelial cells form a barrier that
blocks antigen interaction with subepithelial
inflammatory cells. This barrier function
appears to be disrupted by ozone exposure,
based on our recent experiments that
demonstrated a decrease in electrical resis-
tance and increased permeability to mannitol
in a canine airway epithelial cell layer in vitro
(3).
Our approach to investigating the possi-
ble role of H202 in mediating the toxic
effects ofozone on the epithelial cell barrier
was to directly compare the effects ofozone
exposure to those of H202 exposure on a
cultured human bronchial epithelial cell line,
BEAS2B, grown on micropore filter surfaces.
Characterization of bronchial epithelial cell
cytotoxicity to H202 and ozone in this study
revealed that significant toxicity, as measured
by loss ofreplicative ability, is seen at lower
levels ofexposure for both agents than can be
detected by release ofLDH. These data indi-
cate that a subtle form of injury that can
impair replicative ability but that cannot
cause cytolysis occurs at these low levels. The
effects on replicative ability ofcells may have
important implications for the ability ofcells
and tissues to repair initial damage.
The mechanisms of H202 toxicity are
not yet completely understood, particularly
with regard to its effects on cell replicative
ability. Cytolysis of cells exposed to H202
occurs at levels ofexposure that are associat-
ed with significant DNA single-strand
breaks, and some authors have suggested that
this cytolysis is a result ofdepletion ofcellu-
lar NAD and ATP resulting from attempted
repair of the DNA damage (11,12). This
explanation is not applicable to the loss of
replicative abilityseen at lower levels ofexpo-
sure of H202 that are not accompanied by
significant DNA single-strand breaks (13),
nor any of the toxic effects of ozone, which
do not appear to induce DNA single-strand
breaks in these cells.
The toxicity of H202 on biological sys-
tems depends on the iron-catalyzed conver-
sion of H202 to hydroxyl radical (6,14).
This reaction can be blocked by an iron
chelator, such as deferoxamine. In our study,
deferoxamine markedly decreased all toxic
effects ofH202 on bronchial epithelial cells,
as expected. Deferoxamine did not have a
significant effect, however, on the acute cyto-
toxic effects or loss of replicative ability
caused byexposure ofthe cells to ozone.
In summary, ozone exposure causes
decreased replicative ability in cultures of
human bronchial epithelial cells at lower lev-
els ofexposure than are required to produce
acute injury, as measured by LDH release. In
contrast to H202, acute cytotoxicity due to
ozone exposure is not associated with signifi-
cant levels of DNA single-strand breaks.
Furthermore, the iron chelator deferoxam-
ine, which protects cells from cytotoxic
effects of H202, does not protect cells from
cytotoxic effects of ozone. Together, these
data suggest that H202 is not an important
intermediate generated during the exposure
ofbronchial epithelial cells to ozone and that
other reactive species, such as aldehydes,
deserve consideration for their importance in
mediating the effects of ozone on bronchial
cells.
REFERENCES
1. Seltzer J, Bigby BG, Stulbarg M, Holtzman
MJ, Nadel JA, Ueki IF, Leikauf GD, Goetzl
EJ, Boushey HA. 03-induced changes in
bronchial reactivity to methacholine and air-
ways inflammation in humans. J Appl Physiol
60:1321-1326 (1986).
2. Koren HS, Devlin RB, Graham DE,
McMenamin MG, Lechner JF, Su RT, Brash
DE, Park JB, Rhim JS, Harris CC. Ozone-
induced inflammation in the lower airways of
human subjects. Am Rev Respir Dis
139:407-415 (1989).
3. Yu X-Y, Schofield BT, Croxton T, Takahashi
N, Gabrielson EW, Spannhake EW. Physio-
logic modulation of bronchial epithelial cell
barrier function by polycationic exposure. Am
J Rev Respir Cell Mol Biol 11:188-198
(1994).
4. Reddel RR, Ke Y, Gerwin BI, McMenamin
MG, Lechner JF, Su RT, Brash DE, Park JB,
Rhim JS, Harris CC. Transformation of
human bronchial epithelial cells by infection
with SV40 or adenovirus-12 SV40 hybrid
virus, or transformation via strontium phos-
phate coprecipitation with plasmid containing
SV40 early region gene. Cancer Res
48:1904-1909 (1988).
5. Kohn KW, Ewig RAG, Erickson LC, Zwelling
LA. Measurements of strand breaks and cross-
links by alkaline elution. In: DNA repair: a lab-
oratory manual of research procedures
(Friedberg ED, Hanawalt C, eds). New
York:Marcel Dekker, 1981;379-401.
6. Farber JL, Kyle ME, Coleman JB. Mechanisms
of cell injury by activated oxygen species. Lab
Invest 62:679 (1990).
7. Pryor WA, Church DF. Aldehydes, hydrogen
peroxide, and organic radicals as mediators of
ozone toxicity. Free Rad Biol Med 11:41-46
(1991).
8. Pryor WA, Das B, Church DF. The ozonation
of unsaturated fatty acids: aldehydes and hy-
drogen peroxide as products and possible medi-
ators of ozone toxicity. Chem Res Toxicol
4:341-348 (1991).
9. Kozumbo WJ, Agarwal S. Induction of DNA
damage in cultured human lung cells by tobac-
co smoke arylamines exposed to ambient levels
of ozone. Am J Respir Cell Mol Biol 3: 61 1-
618 (1990).
10. Madden MC, Friedman M, Hanley N, Siegler
E, Quay J, Becker S, Devlin R, Koren HS.
Chemical nature and immunotoxicological
properties of arachidonic acid degradation
products formed by exposure to ozone. En-
viron Health Perspect 101:154-164 (1993).
11. Schraufstatter IU, Hyslop PA, Hinshaw DB,
Spragg RG, Sklar LA, Cochrane CG. Hydro-
gen peroxide-induced injury of cells and its
prevention by inhibitors of poly(ADP-ribose)
polymerase. Proc Natl Acad Sci USA 83:
4908-4912 (1986).
12. Spragg RG. DNA strand break formation fol-
lowing exposure of bovine pulmonary artery
and aortic endothelial cells to reactive oxygen
products. Am J Respir Cell Mol Biol 4:4-10
(1991).
13. Ward JF, Blakely WF, Joner El. Mammalian
cells are not killed by DNA single-strand
breaks caused by hydroxyl radicals from hydro-
gen peroxide. Radiat Res 103:383-392 (1985).
14. Fridovich I. The biology of oxygen radicals.
Science 201:875-880 (1978).
974 Environmental Health Perspectives